MODerate resolution Imaging Spectroradiometer (MODIS), a leading heritage sensor in the fleet of Earth Observing System for the National Aeronautics and Space Administration (NASA) is in space orbit on two spacecrafts. They are the Terra (T) and Aqua (A) platforms. Both instruments have successfully continued to operate beyond the 6 year design life time, with the T-MODIS currently functional beyond 15 years and the A-MODIS operating beyond 13 years respectively. The MODIS sensor characteristics include a spectral coverage from 0.41 µm -14.4 µm, of which wavelengths ranging from 3.7 µm -14. 4 µm cover the thermal infrared region also referred to as the Thermal Emissive Bands (TEBs). The TEBs is calibrated using a v-grooved BlackBody (BB) whose temperature measurements are traceable to the National Institute of Standards and Technology temperature scales. The TEBs calibration based on the onboard BB is extremely important for its high radiometric fidelity. In this paper, we provide a complete characterization of the lifetime instrument performance of both MODIS instruments in terms of the sensor gain, the Noise Equivalent difference Temperature, key instrument telemetry such as the BB lifetime trends, the instrument temperature trends, the Cold Focal Plane telemetry and finally, the total assessed calibration uncertainty of the TEBs.
Introduction
The MODerate-resolution Imaging Spectroradiometer (MODIS) is a legacy space borne sensor in the fleet of Earth Observing System (EOS) for the National Aeronautics and Space Administration (NASA). The instrument is in space orbit on two spacecrafts, namely the Terra (T) and Aqua (A) platforms [1] [2] [3] [4] . The T-platform is on a sun synchronous morning orbit while the A-platform is on a similar sun synchronous afternoon orbit. They have an equatorial crossing time of approximately 10:30 AM and 1:30 PM local time, respectively. Hence, the Earth is covered by both MODIS instruments within a day, which has significantly helped the scientific community to capture any observable diurnal changes in the Earth's climate. MODIS is a paddle broom scanning radiometer that includes a 360° rotating double-sided scan mirror and several on-board calibrators (OBCs) as illustrated in Figure 1 . The MODIS instruments remotely capture the top of atmosphere (TOA) radiance from the Earth in 36 spectral bands varying from 0. 41 Figure 2 shows the four FPAs along with the detector layout for each of the MODIS bands, the red outline highlighting the cold FPAs, including all the TEB detectors. The TEB detectors are calibrated using a well referenced source that comprises of a v-grooved BlackBody (BB). Figure 1 shows the setup of the various OBCs, and in particular the BB in highlight is used for the detector calibration for each of the TEBs [5] . The TEB calibration is a two point calibration with the BB raw counts providing the calibrating signal at a nominal temperature while the Space-View (SV) signal is used to determine the background signal digital number (DN) that would help correct the electronic offsets and thermal background from the actual measurements [6] . Table 1 gives the key design parameters including the calibration requirements for the detector noise and the primary application for each of the TEBs.
With the given instrument background, the rest of the paper is organized as follows. Section 2 briefly goes over the fundamental calibration equation and the methodology. This is followed by the TEB performance which covers the following subsetted aspects. The subsections include the long term instrument gain and noise characterization, various instrument related telemetry and the assessed calibration uncertainty over the lifetime. Finally, the paper is closed with an overall synopsis of the lifetime TEB performance for both T-and A-MODIS respectively. B33-36 a0 = 0, PL a2 Adjust PL a2 based on cool -down
TEB Calibration
The TEB calibration is based on a quadratic algorithm that converts the digital response of the sensor to it's at sensor aperture radiance. In order to perform the conversion the digital response is first corrected for background and optical crosstalk (crosstalk correction only applied to T-MODIS PC bands B32-36) which is represented in digital counts known as dn. The second step is to compute the calibration linear coefficient b1 using the calibrator radiance (LCAL) as observed from the blackbody (BB), the offset term a0, the quadratic term a2 and digital response of the BB given in dnBB. Equations (1) and (2) summarize the calibration operation performed on all TEB channels on a scan by scan basis. The calibration terms a0 and a2 shown in equation (2) are computed on a quarterly basis during the BB warm-up/cool-down (WUCD) process. Details on the various calibration parameters shown in equation (1) and (2) can be found in [7] .
(1)
In the above calibration equations, the terms RVS, ε, are determined at pre-launch whereas the a0, a2, and the Band 21 b1 coefficients are updated on a quarterly frequency (if necessary), using on-board BB WUCD measurements. The strategy for these updates in both Version (V) 5 and 6 are summarized in Table 2 . Table 2 . TEB a0, a2 update strategy.
TEB Performance
Three key aspects of the MODIS TEB performance are discussed. These include the instrument gain for all bands (also referred to as the reciprocal of the linear calibration term b1), associated sensor noise characterized in terms of the Noise Equivalent difference Temperature (NEdT) [8] , various instrument telemetries such as the BB, instrument, and focal plane temperature trends, and lastly the instrument assessed calibration uncertainty.
Sensor Gain and Noise
Based on the long term gain trends for both T-MODIS and A-MODIS as shown in Figure 3 , a more or less stable detector response is noticed for the SMIR bands excluding sensor configuration changes and instrument reset events. However, in the case of T-MODIS PV LWIR bands (27-30), large downward drifts in gain are observe which have been identified to be due to the electronic crosstalk contamination [9] . The PC LWIR bands of T-MODIS are relatively stable with maximum changes in the order of approximately 2% over lifetime. In contrast, A-MODIS has exhibited stable long term variations for the PV LWIR bands. However, due to the loss of cold focal plane cooler margin [10] , the instrument response for the PC LWIR bands has caused significant oscillations due to the seasonal changes in the cold focal plane temperatures.
In order to highlight the differences in the noise performance for T-and A-MODIS, the lifetime normalized NEdT (weekly sampled, scan averaged) trends for good detectors are provided. Figure 4 gives the normalized NEdT trend for both T-MODIS and A-MODIS respectively. The trend clearly shows that these detectors meet the design specifications for the almost entirety of their mission. It is noted that the noisy nature for T-MODIS PV LWIR bands have increased since 2010, is chiefly attributed to the severe degradation in the electronic circuitry of these bands due to electronic crosstalk. In comparison, the normalized band averaged NEdT trends for A-MODIS clearly meet the noise requirements; furthermore, the noise levels are lower by at least a factor of 2 in comparison to the normalized specification line of 1.0. 
Instrument related Telemetry
For T-MODIS the BB temperature is nominally controlled at 290 K whereas A-MODIS is maintained at 285 K. Figures 5a. and 5b. shows the lifetime trends of the BB temperatures for both T-and A-MODIS at their set temperatures. The data presented is a weekly average of the 12 thermistors. Based on the lifetime trends, the variability of the BB temperatures is assessed to be within 15 mK for T-MODIS and within 5 mK for A-MODIS. Similarly, the instrument temperatures for T-MODIS (Figure 5c .) have gone up by 3.5 K over 15 years, while the instrument temperature has increased by about 2 K for A-MODIS (Figure 5d. ). Based on Figure  5e ., the cold focal plane temperatures have essentially been constant for T-MODIS barring early mission. For A-MODIS as mentioned earlier the loss of cooler margin has caused the focal plane temperature (Figure 5f .) to oscillate within 0.4 K since 2010. Currently, the cold focal plane seems to have marginally stabilized and is about 83.1 K with ± 0.1 K seasonal changes.
e. f. 
Calibration Uncertainty
The total TEB uncertainty is expressed as root sum of squares of each individual uncertainty term. The uncertainty term in principle is evaluated via a partial derivative of the Earth view retrieval equation with respect to each individual calibration term. Details on the mechanism can be found in [7] . Figure 6 shows the bar chart of the assessed uncertainties for the TEBs of T-and A-MODIS evaluated at different years. Also, these are evaluated for typical scene radiance levels and close to 'at nadir' acquisitions. Based on the charts shown, the uncertainties assessed for T-MODIS band 30 currently exceeds the design requirement of 1%. As aforementioned, the electronic crosstalk impact has severely impacted the calibration terms a0, a2 and b1 due to which the uncertainties have significantly increased. Apart from that most of the other bands meet the design requirements with the exception of band 36. It was assessed at pre-launch that all detectors violated the uncertainty requirements and have behaved more or less in a similar fashion on-orbit. For A-MODIS, the TEBs have met the required calibration uncertainty since launch to date.
a.
b. . Thereafter a marginal return of stability in the LWIR cooler margin has been assessed. The impact on the calibration due to the loss of cooler margin is found to be minimal since the TEB calibration is based on a scan-by-scan basis. A majority of the impact is captured by the linear calibration term. For T-MODIS the cold focal plane has been essentially constant throughout the lifetime. In terms of sensor performance A-MODIS has exhibited very slow changes in terms of gain and NEdT. However, in the case of T-MODIS the PV LWIR bands have shown large downward drifts in instrument gain, with correlating increase in the NEdT since 2010. Electronic crosstalk contamination in these bands has been identified to be the root cause. Finally, the assessed TEB uncertainties corroborate the sensor performance, have found to be meeting the design requirements barring the exceptions noted earlier. Thus, an accurate sensor calibration is extremely important to achieve high radiometric fidelity as in the case of MODIS, which in turn allows high quality geophysical retrievals that are impactful for various climate and environmental studies.
